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ABSTRACT 
Over t h e  past decade, NASA has p layed a l e a d  r o l e  i n  d e f i n i n g  t h e  s c i e n t i f i c  
o b j e c t i v e s  and technology requirements f o r  spaceborne l i d a r  i n v e s t i g a t i o n s  of t h e  
atmosphere. T h i s  paper presents  an assessment o f  t h e  p o t e n t i a l  f o r  conduct ing l i d a r  
measurements f rom space f o r  i n v e s t i g a t i o n s  t h a t  p e r t a i n  s p e c i f i c a l l y  t o  t r o p o s p h e r i c  
chemist ry .  I n  t h i s  paper, a d e s c r i p t i o n  o f  p o t e n t i a l  l i d a r  measurement techniques i s  
given, and t h e  s c i e n t i f i c  requirements f o r  t r o p o s p h e r i c  chemist ry  a r e  reviewed. The 
c u r r e n t  s t a t u s  o f  a i r b o r n e  l i d a r  measurements o f  aerosols ,  03, and H20 i s  discussed, 
and a b r i e f  d e s c r i p t i o n  o f  t h e  e v o l u t i o n  o f  l i d a r  technology t o  space i s  g iven.  
Also,  t h e  measurement o f  t r o p o s p h e r i c  gases w i t h  a spaceborne l i d a r  system i s  
eva lua ted  f o r  a wide range o f  gas species.  From t h i s  general  assessment, i t  appears 
f e a s i b l e  t o  measure aerosols ,  H20, 03, "3, C O Y  CH4, NO2, atmospher ic pressure and 
temperature,  and winds w i t h  a l i d a r  f rom space p r o v i d e d  t h a t  t h e  a p p r o p r i a t e  l a s e r  
and r e c e i v e r  technology i s  a v a i l a b l e .  F o r  t h e  mid-1990'sY i t  i s  expected t h a t  l i d a r  
technology w i l l  be a v a i l a b l e  f o r  t h e  measurement o f  aerosols ,  H20, and 03 f rom a 
space p la t fo rm.  
INTRODUCTION 
L i d a r  has been used e x t e n s i v e l y  s i n c e  t h e  e a r l y  1960's f o r  making measurements 
of var ious  p r o p e r t i e s  o f  t h e  E a r t h ' s  atmosphere. 
backscat te r ing ,  gas c o n c e n t r a t i o n  p r o f i l e s ,  wind v e l o c i t i e s ,  and atmospher ic waves. 
The development o f  l i d a r  i n  t h e  e a r l y  years  was p r i m a r i l y  concerned w i t h  l a b o r a t o r y  
and ground-based systems. Measurements w i t h  a i  rborne  1 i dar  systems were n o t  made 
u n t i l  t h e  e a r l y  1970's. By 1975, t h e  l i d a r  techn ique was w e l l  proven and consider-  
a t i o n  was be ing  given t o  develop ing a s h u t t l e - b o r n e  l i d a r  system. 
now undergoing development t o  demonstrate t h e  b a s i c  measurements o f  aerosol  and c l o u d  
d i s t r i b u t i o n s  f rom space. 
These i n c l u d e  molecu la r  and aerosol  
A l i d a r  system i s  
There a r e  f o u r  p r imary  atmospher ic l i d a r  processes or techniques:  e l a s t i c  scat -  
t e r i n g ,  Raman s c a t t e r i n g ,  resonance f luorescence,  and d i f f e r e n t i a l  absorp t ion .  L i d a r  
measurements u t i l i z i n g  e l a s t i c  b a c k s c a t t e r i n g  have focused p r i m a r i l y  on i n v e s t i g a -  
t i o n s  o f  mo lecu la r  dens i ty ,  aerosol  and c l o u d  d i s t r i b u t i o n s ,  and winds (e.g., F i o c c o  
and Grams, 1966; Lane e t  al., 1971; B i l b r o  and Vaughan, 1978). L i d a r  systems d e t e c t -  
i n g  Raman-shifted f requencies have g e n e r a l l y  been l i m i t e d  t o  measurements of gases 
hav ing  h i g h  m i x i n g  r a t i o s ,  such as water vapor, a t  r e l a t i v e l y  s h o r t  ranges o f  1 t o  
4 km a t  n i g h t  (Cooney, 1971; M e l f i  and Whiteman, 1985). Resonance f luorescence has 
been an impor tan t  technique used t o  measure sodium, potassium, and atmospher ic waves 
i n  t h e  upper atmosphere (e.g., Bowman e t  a l . ,  1969; Megie e t  a l . ,  1978; and Chanin 
and Hauchecorne, 1981). The D i f f e r e n t i a l  Absorp t ion  L i d a r  (DIAL) techn ique focuses 
on t h e  simultaneous measurement o f  aerosol  and gas c o n c e n t r a t i o n  p r o f i l e s ,  and i t  i s  
t h e  pr imary  l i d a r  technique f o r  use i n  t r o p o s p h e r i c  gas measurements f rom space. 
T h i s  technique requ i res  t h e  near-s imultaneous t r a n s m i s s i o n  o f  two wavelengths, usu- 
a l l y  by two tunab le  lasers .  One o f  t h e  l a s e r s  i s  tuned "on" t h e  peak of an absorp- 
t i o n  l i n e  o f  t h e  species t o  be measured, and t h e  o t h e r  i s  tuned " o f f "  t h e  a b s o r p t i o n  
peak t o  a nearby wavelength. 
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The two l a s e r  beams a r e  backscat te red  f rom t h e  
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atmosphere t o  a c o l l o c a t e d  r e c e i v e r  where t h e  s i g n a l s  a r e  d i g i t i z e d  as a f u n c t i o n  o f  
range. The average gas c o n c e n t r a t i o n  n between range R1 and R2 can be c a l c u l a t e d  
u s i n g  t h e  express ion  (Schot land, 1974) 
where a0 -uoff i s  t h e  absorp t ion  cross sec t ion  d i f f e r e n c e  between t h e  on and o f f  
wave1 engfhs, and Poff(R) and Po, (R) a r e  the d e t e c t e d  b a c k s c a t t e r i n g  s i g n a l s  r e c e i  ved 
f rom range R f o r  t h e  on and of f  wavelengths, r e s p e c t i v e l y .  
As shown i n  f i g u r e  20, t h e  development and a p p l i c a t i o n  o f  l i d a r  techniques have 
seen a steady growth over  t h e  l a s t  two decades. E a r l y  ground-based DIAL systems mea- 
sured atmospher ic  H20 and aerosols  (Schotland, 1966; Browel l  e t  a l . ,  1979); SO2 i n  
power p l a n t  s tack  plumes (Hoe11 e t  a1 . , 1975; Browel 1 , 1982); and 03 i n  t h e  lower  
atmosphere (Pelon and Megie, 1982). Recently, an advanced a i r b o r n e  DIAL system was 
developed and has been used t o  measure 03, H20, and aeroso ls  i n  t h e  t roposphere 
(Browel l  e t  a1 ., 1983). S tud ies  o f  spaceborne l i d a r  measurements and systems can be 
t r a c e d  back t o  t h e  e a r l y  1970’s. The most comprehensive s tudy o f  t h e  sc ience objec-  
t i  ves and measurement capabi 1 i ti es o f  a spaceborne 1 i dar  system was pub1 i shed by NASA 
i n  1979 (NASA, 1979). These a c t i v i t i e s  l e d  t o  t h e  development o f  an autonomous DIAL 
system f o r  t h e  measurement o f  H20 and aerosols f rom a h i g h - a l t i t u d e  ER-2 a i r c r a f t  as 
a p r e c u r s o r  t o  a spaceborne DIAL system. 
A work ing  group was formed by NASA i n  1978 t o  i d e n t i f y  t h e  major  measurement 
requi rements i n  t r o p o s p h e r i c  chemis t ry  and t o  develop t h e  s c i e n t i f i c  r a t i o n a l e  and 
recommended research a c t i v i t i e s  t o  be conducted by NASA t o  inc rease our  understanding 
of t h e  t roposphere  (NASA, 1981). A summary o f  t h e  measurement requirements i d e n t i -  
f i e d  by t h a t  group i s  g iven  i n  t a b l e  X .  A minimum o f  two gas c o n c e n t r a t i o n  measure- 
ments i n  t h e  t roposphere,  one across the  boundary l a y e r  and one across t h e  f r e e  
t roposphere,  was determined t o  be necessary f o r  most t r o p o s p h e r i c  chemis t ry  appl i c a -  
t i o n s .  L i s t e d  i n  t a b l e  X a r e  t h e  minimum d e t e c t a b l e  gas c o n c e n t r a t i o n  l e v e l s  t h a t  
would be requ i red .  The measurement o f  atmospheric s t a t e  v a r i a b l e s  was n o t  i d e n t i f i e d  
t o  be o f  s t r o n g  importance i n  t ropospher ic  chemis t ry  a p p l i c a t i o n s ,  and thus,  r e l a -  
t i v e l y  low accurac ies were needed f o r  the measurement o f  these parameters. In forma- 
t i o n  on a e r o s o l s  was c i t e d  as impor tan t  f o r  t h e  understanding o f  heterogeneous 
chemist ry ,  atmospher ic s t r u c t u r e ,  and atmospheric t r a n s p o r t .  
T h i s  paper discusses t h e  s t a t u s  o f  c u r r e n t  a i r b o r n e  l i d a r  measurements o f  
aerosols ,  03, and H20 and t h e  planned e v o l u t i o n  o f  l i d a r  technology t o  space. A 
genera l  e v a l u a t i o n  o f  gas measurements w i t h  l i d a r  f rom space i s  presented. F u t u r e  
developments i n  l i d a r  techniques and measurements t h a t  a r e  s u i t a b l e  f o r  space 
a p p l i c a t i o n s  a r e  assessed, and technology requi rements f o r  f u t u r e  spaceborne l i d a r  
systems f o r  t r o p o s p h e r i c  measurements are presented. 
AIRBORNE LIDAR MEASUREMENTS OF AEROSOLS, O 3  AND H20 
An advanced a i r b o r n e  DIAL system has been developed a t  t h e  NASA Langley Research 
Center f o r  t h e  i n v e s t i g a t i o n  o f  aerosols,  03, and H20 i n  t h e  t roposphere (Browel l  
e t  al., 1983). A schematic o f  t h e  a i rborne  DIAL system mounted i n  t h e  NASA Wallops 
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E l e c t r a  a i r c r a f t  i s  shown i n  f i g u r e  21. 
l a s e r s  a r e  used t o  pump two h i g h  convers ion e f f i c i e n c y  dye l a s e r s .  The on and o f f  
wavelengths a r e  produced i n  sequent ia l  l a s e r  pu lses  w i t h  100 t o  250 MS separa t ion .  
Backscat te red  l i d a r  r e t u r n s  a t  t h e  two wavelengths a r e  s e q u e n t i a l l y  de tec ted  by a 
p h o t o m u l t i p l i e r  tube, d i g i t i z e d ,  and s t o r e d  on high-speed magnet ic tape. 
t r a t i o n s  and aerosol b a c k s c a t t e r i n g  p r o f i l e s  a r e  c a l c u l a t e d  f o r  each measurement i n  
r e a l  t i m e  by a minicomputer. 
requi rements:  The dye l a s e r  i s  e a s i l y  
tuned w i t h  d i f f e r e n t  dyes over a wide s e l e c t i o n  o f  wavelengths f rom 400 t o  1200 nm, 
and t h e  ou tpu t  can be frequency doubled i n t o  t h e  UV. The performance parameters o f  
t h e  a i r b o r n e  DIAL system o p e r a t i n g  i n  t h e  UV and near- IR a r e  l i s t e d  i n  t a b l e  X I .  
I n  t h i s  system, two frequency doubled Nd:YAG 
Gas concen- 
The s e l e c t i o n  o f  t h e  l a s e r s  was d i c t a t e d  by t h r e e  b a s i c  
t u n a b i l i t y ,  h i g h  power, and r e l i a b i l i t y .  
Examples o f  a i r b o r n e  DIAL da ta  a r e  shown i n  f i g u r e  22 t o  i l l u s t r a t e  some of t h e  
c a p a b i l i t i e s  of the system. S igna l  r e t u r n s  f rom t h e  UV (300 nm) and v i s i b l e  (600 nm) 
channels a r e  d isp layed a t  t h e  t o p  o f  t h e  f i g u r e  t o  show t h e  r e l a t i v e  c o n t r a s t  r e s u l t -  
i n g  f rom increased aerosol  b a c k s c a t t e r i n g  i n  t h e  atmospher ic boundary l a y e r .  
range-corrected v i s i b l e  channel i s  shown a t  t h e  lower  l e f t ,  and a gray s c a l e  p i c t u r e  
made u s i n g  t h e s e  data i s  shown a t  t h e  lower  r i g h t .  
s c a l e  represents  a l a s e r  shot  , and t h e  d a r k e r  reg ions  represent  g r e a t e r  atmospher ic 
backscat te r ing ,  or aerosol  concent ra t ion .  
a r y  l a y e r  h e i g h t  and presence o f  c louds (dark reg ions  f o l l o w e d  by absence o f  r e t u r n  
s i g n a l  f rom lower  a l t i t u d e s ) .  T h i s  t y p e  o f  aerosol  da ta  can p r o v i d e  i n f o r m a t i o n  on 
w i d e l y  v a r y i  ng atmospheri c c o n d i t i o n s  i n c l  u d i  ng aerosol  1 a y e r i  ng and t r a n s p o r t  , 
clouds,  condensation l e v e l s ,  and topograph ic  f e a t u r e s .  F i g u r e  23 presents  an i n t e r -  
comparison o f  D I A L  03 measurements w i t h  i n  s i t u  measurements made onboard a smal l  
a i r c r a f t  s p i r a l i n g  i n  t h e  v i c i n i t y  o f  t h e  E l e c t r a .  The in te rcompar ison shows t h a t :  
(1) t h e  remote l i d a r  measurements and i n  s i t u  measurements a r e  i n  e x c e l l e n t  agree- 
ment, (2) t h e  D I A L  measurements have 10 percent  o r  l e s s  measurement u n c e r t a i n t y  f o r  
t h e  s p a t i a l  r e s o l u t i o n  shown, and (3) t h e  DIAL measurements can be made w i t h  h i g h  
v e r t i c a l  (210 m) and h o r i z o n t a l  (6 km) r e s o l u t i o n .  
The 
Each v e r t i c a l  l i n e  o f  t h e  gray 
T h i s  gray s c a l e  c l e a r l y  d e f i n e s  t h e  bound- 
A i r b o r n e  D I A L  measurements have been used t o  s tudy t h e  c o r r e l a t i o n  between 
s p a t i a l  d i s t r i b u t i o n s  o f  O3 and aeroso ls  i n  t h e  t roposphere and lower  s t ra tosphere .  
F i g u r e  24 shows 03 measurements by t h e  DIAL system i n  t h e  z e n i t h - v i e w i n g  mode com- 
pared w i t h  i n  s i t u  observat ions.  
measured by an ozonesonde a r e  presented i n  t h e  f i g u r e  a long w i t h  DIAL 03 data.  The 
l o c a t i o n  o f  a change i n  s lope o f  t h e  p o t e n t i a l  temperature p r o f i l e  (=ll km) d e f i n e s  
t h e  h e i g h t  o f  t h e  tropopause. The 03 p r o f i l e s  show l a y e r i n g  o f  03 i n  t h e  lower  
s t r a t o s p h e r i c  regions, and t h e r e  i s  good agreement between t h e  DIAL and i n  s i t u  
measurements. 
a long t h e  f l i g h t  path o f  t h e  a i r c r a f t .  T h i s  i n d i c a t e s  t h e  a b i l i t y  o f  an a i r b o r n e  
DIAL system t o  map 03 l a y e r s  i n  t h e  t roposphere and lower  s t r a t o s p h e r e  and t o  s tudy 
s t r a t o s p h e r e  and troposphere exchanges. 
P r o f i l e s  o f  p o t e n t i a l  temperature and ozone 
Fur ther ,  o t h e r  DIAL measurements show t h a t  t h i s  O3 l a y e r i n g  p e r s i s t e d  
When t h e  a i rborne  DIAL system i s  used t o  s tudy  H20 p r o f i l e s ,  t h e  o n - l i n e  l a s e r  
wavelength i s  tuned t o  c o i n c i d e  w i t h  t h e  peak o f  a H20 a b s o r p t i o n  l i n e  i n  t h e  720 nm 
reg ion .  An in tercompar ison between t h e  DIAL H20 measurements and i n  s i t u  observa- 
t i o n s  i s  shown i n  f i g u r e  25. The good comparison between these two observa t ions  
shows t h e  a b i l i t y  o f  t h e  DIAL system t o  make H20 measurements i n  t h e  lower  t ropo-  
sphere. T h i s  c a p a b i l i t y  was used f o r  t h e  f i r s t  t i m e  i n  t h e  f a l l  o f  1982 f o r  t h e  
s tudy o f  marine boundary l a y e r  c h a r a c t e r i s t i c s  i n  t h e  v i c i n i t y  o f  t h e  G u l f  Stream 
Wall (Browel l  e t  al. ,  1984). 
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EVOLUTION OF LIDAR TECHNOLOGY FOR SPACE 
There a r e  t h r e e  l i d a r  development programs w i t h i n  NASA t h a t  a r e  d i r e c t l y  aimed 
a t  p r o v i d i n g  t h e  t e c h n o l o g i c a l  base f o r  p l a c i n g  a DIAL system on a f r e e - f l y i n g  space 
p l a t f o r m  by t h e  mid 1990's. The LASE (L idar  Atmospheric Sensing Exper iment)  and LITE 
( L i d a r  In-Space Techno1 ogy Exper iment)  p r o j e c t s  address impor tan t  phases o f  t h e  
spaceborne 1 i dar development program. 
A l t i m e t e r )  system i s  t h e  near- term goal for a l i d a r  system o p e r a t i n g  on a p o l a r  
o r b i t i n g  p l a t f o r m .  
The LASA ( L i d a r  Atmospheri c Sounder and 
T h i s  would be p a r t  of t h e  NASA EOS Program. 
The LASE system i s  be ing  developed as a h i g h  a l t i t u d e  (16-21 km), autonomous 
DIAL system f o r  o p e r a t i o n  on a NASA ER-2 (Extended Range U-2) a i r c r a f t .  It w i l l  
i n i t i a l l y  opera te  i n  t h e  727-nm wavelength r e g i o n  t o  measure H20 p r o f i l e s  i n  t h e  
lower  t roposphere,  and a t  a l a t e r  s tage i t  w i l l  be used i n  t h e  940-nm wavelength 
r e g i o n  t o  measure H20 p r o f i l e s  i n  t h e  upper t roposphere.  I n  a d d i t i o n ,  atmospher ic 
p ressure  and temperature de terminat ions  w i l l  be made u s i n g  DIAL 02 measurements i n  
t h e  760-nm wavelength reg ion.  F i g u r e  26 shows t h e  r e s u l t s  o f  our  s i m u l a t i o n s  t o  
determine t h e  random e r r o r s  associated w i t h  H20 measurements w i t h  t h e  LASE system. 
The random e r r o r  a t  a s p e c i f i c  a l t i t u d e  depends upon t h e  a b s o r p t i o n  s t r e n g t h  o f  t h e  
H20 l i n e  b e i n g  used, w i t h  t h e  s t r o n g e r  l i n e s  be ing  more s u i t a b l e  f o r  h i g h e r  a l t i t u d e  
reg ions.  C l e a r l y  t h e  random e r r o r s  f o r  n i g h t  o p e r a t i o n  and f o r  a h o r i z o n t a l  reso lu -  
t i o n  o f  20 km and a v e r t i c a l  r e s o l u t i o n  of  200 m would p e r m i t  a 5- t o  10-percent 
measurement u n c e r t a i n t y  i n  a s p e c i f i c  a l t i t u d e  reg ion.  
sys temat ic  e r r o r s  c o u l d  cont  r i  bu te  a s i g n i f i c a n t  amount t o  t h e  u n c e r t a i n t y  o f  t h e s e  
measurements. The sys temat ic  e r r o r s  can be caused by: ( 1 )  i n t e r a c t i o n  of t h e  l a s e r  
l i n e w i d t h  w i t h  t h e  a l t i t u d e  dependent H20 a b s o r p t i o n  l i n e w i d t h ,  (2 )  Doppler broaden- 
i n g  o f  backscat te red  l i g h t  by a i r  molecules, ( 3 )  accuracy i n  t h e  p o s i t i o n i n g  o f  t h e  
l a s e r  l i n e  w i t h  respect  t o  t h e  H20 l i n e ,  ( 4 )  u n c e r t a i n t y  i n  knowledge of t h e  l a s e r  
wavelength, and ( 5 )  t h e  broadband l a s e r  energy component o u t s i d e  t h e  dominant l a s e r  
o n - l i n e  emission. Our s i m u l a t i o n s  i n d i c a t e  t h a t  w i t h  p roper  c o n t r o l s  on t h e  l a s e r  
o u t p u t  and by f o l d i n g  i n  model atmospheric temperature and pressure i n f o r m a t i o n ,  t h e  
sys temat ic  e r r o r s  cou ld  be l i m i t e d  t o  a few percent  ( I s m a i l  e t  a1 . , 1984). The LASE 
system would be capable o f  making measurements on long-range f l i g h t s  (>4500 km) 
d u r i n g  bo th  day and n i g h t  background cond i t ions ,  and because o f  i t s  un ique autonomous 
mode o f  opera t ion ,  t h e  LASE system would be a p recursor  t o  t h e  development o f  a 
spaceborne l i d a r  system. 
Our a n a l y s i s  shows t h a t  
LASE i s  expected t o  make i t s  i n i t i a l  f l i g h t  i n  l a t e  1988. 
The development o f  spaceborne l i d a r  systems i s  cont ingent  on t h e  a b i l i t y  of 
NASA i s  t a k i n g  a s tep  i n  t h e  d i r e c t i o n  o f  
The 
The approach 
l a s e r s  t o  opera te  i n  a space environment. 
deve lop ing  an o p e r a t i o n a l  l a s e r  c a p a b i l i t y  f o r  space w i t h  t h e  LITE p r o j e c t .  
o b j e c t i v e  o f  LITE i s  t o  develop t h e  technology base and measurement techn iques  
necessary t o  operate a s o l i d - s t a t e  l a s e r  i n  a spaceborne l i d a r  system. 
be ing  used i s  t o  space-harden e x i s t i n g  l i d a r  technology w i t h  minimum change. The 
i n i t i a l  exper iment w i l l  u t i l i z e  a frequency doubled and t r i p l e d  Nd:YAG l a s e r  i n  a 
l i d a r  system w i t h  s imultaneous measurements a t  t h r e e  wavelengths. 
w i l l  i n c o r p o r a t e  e a s i l y  m o d i f i e d  modular concepts, and t h e  exper iments w i l l  focus on 
aeroso l ,  c loud,  and atmospher ic d e n s i t y  measurements. 
t h e  Space S h u t t l e  i n  1989. 
The c o n s t r u c t i o n  
LITE i s  scheduled t o  f l y  on 
The n e x t  program f o l l o w i n g  LITE t o  i n c o r p o r a t e  a l i d a r  system i n  space w i l l  most 
l i k e l y  be t h e  EOS Program scheduled f o r  t h e  midd le  1990's t i m e  per iod .  
system f o r  €OS i s  be ing  proposed, and i t  i s  c a l l e d  t h e  LASA ins t rument .  
o b j e c t i v e s  f o r  LASA cover many d i s c i p l i n e s ,  i n c l u d i n g  hydro logy,  a l t i m e t r y ,  geodynam- 
i c s ,  aeroso l ,  and c loud s tud ies .  The l i s t  o f  l i d a r  measurements proposed f o r  LASA i s  
A l i d a r  
The sc ience 
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shown i n  t a b l e  X I I .  The 14 l i s t e d  i tems have a l l  been demonstrated i n  t h e  labora-  
t o r y ,  and most have been demonstrated i n  bo th  ground-based and l o w - a l t i t u d e  a i r b o r n e  
systems. LASE data f rom t h e  ER-2 a i r c r a f t  w i l l  f u r t h e r  demonstrate h i g h - a l t i t u d e  
l i d a r  measurement c a p a b i l i t i e s .  
and LITE programs, LASA should be successfu l  i n  g a t h e r i n g  l a r g e  q u a n t i t i e s  o f  da ta  on 
a g l o b a l  b a s i s  t o  make a s i g n i f i c a n t  s tep  fo rward  i n  t h e  s c i e n t i f i c  understanding o f  
o u r  atmosphere. 
Using t h e  technology base developed f rom t h e  LASE 
GAS MEASUREMENTS WITH LIDAR FROM SPACE 
The accuracy o f  a gas c o n c e n t r a t i o n  measurement w i t h  t h e  DIAL techn ique i s  
dependent upon the  absorber t h i c k n e s s  across t h e  r e g i o n  where t h e  average gas 
c o n c e n t r a t i o n  i s  t o  be determined. F i g u r e  27 shows t h e  s e n s i t i v i t y  i n  t h e  e r r o r  i n  
o p t i c a l  depth de terminat ion  t o  t h e  absorber o p t i c a l  depth f o r  v a r i o u s  t r a n s m i t t a n c e  
measurement e r r o r s .  F o r  smal l  absorber o p t i c a l  depths, t h e  e r r o r  i n  t h e  determina- 
t i o n  o f  t h e  o p t i c a l  depth decreases w i t h  i n c r e a s i n g  absorber o p t i c a l  depth. An 
optimum absorber o p t i c a l  depth i s  reached around a va lue  o f  1 ( n o t e  t h a t  t h i s  
a n a l y s i s  i s  f o r  a s ing le-pass measurement), and a t  h i g h e r  o p t i c a l  depths t h e  e r r o r  
begins t o  inc rease p r e c i p i t o u s l y  due t o  l o s s  o f  s i g n a l .  Thus, t h e  measurement o f  a 
gas u s i n g  t h e  D I A L  technique depends upon t h e  expected gas concent ra t ion ,  t h e  
a v a i l a b l e  gas absorp t ion  cross sec t ions ,  and t h e  range over  which t h e  a b s o r p t i o n  i s  
t o  be measured. 
Tab le  XI11 l i s t s  t h e  mean m i x i n g  r a t i o s  f o r  t h e  t r o p o s p h e r i c  gases i d e n t i f i e d  i n  
Table X. A lso  given i n  t a b l e  XI11 a r e  t h e  column burdens f o r  t h e  same gases over  t h e  
e n t i r e  t roposphere.  To eva lua te  t h e  a b i l i t y  o f  a DIAL system t o  make a measurement 
of a gas f rom space, we must next  look  a t  t h e  a v a i l a b l e  a b s o r p t i o n  c ross  s e c t i o n s  f o r  
these gases. I n  t a b l e  X I V ,  t h e  gases f rom t a b l e  XI11 are  l i s t e d  i n  o r d e r  o f  decreas- 
i n g  m i x i n g  r a t i o  i n  t h e  lower  t roposphere.  For  each molecule, t h e  a b s o r p t i o n  wave- 
l e n g t h  r e g i o n  i s  given w i t h  an e s t i m a t e  o f  t h e  maximum a b s o r p t i o n  cross s e c t i o n  f o r  
t h a t  r e g i o n  (weak l i n e s  a r e  n o t  u s u a l l y  d i f f i c u l t  t o  f i n d  i n  t h e  same r e g i o n ) .  
t h e  DIAL measurement a c t u a l l y  i n v o l v e s  a double pass across any a l t i t u d e  segment, 
es t imates  o f  t h e  two-way o p t i c a l  a r e  g iven across a 1-km boundary l a y e r  and across 
t h e  e n t i r e  t roposphere.  
S ince  
From t h e  i n f o r m a t i o n  prov ided i n  t a b l e  X I V  and f rom t h e  r e s u l t s  o f  o t h e r  space- 
borne l i d a r  experiment s i m u l a t i o n s  n o t  presented here, t h e  f o l l o w i n g  measurements 
have been i d e n t i f i e d  as p o t e n t i a l  o b j e c t i v e s  f o r  a spaceborne DIAL system, p r o v i d i n g  
t h e  l a s e r  and r e c e i v e r  technology a r e  a v a i l a b l e :  ( 1 )  p r o f i l e  measurements o f  H20, 
03, CO, CH , and poss ib ly  "3; ( 2 )  t r o p o s p h e r i c  column conten t  measurements of NO2 
parameter measurements t o  t h e  r e q u i r e d  accuracy and d i r e c t  measurements o f  winds; and 
( 4 )  aerosol  d i s t r i b u t i o n  measurements f o r  i n f o r m a t i o n  on atmospher ic s t r u c t u r e  and 
m e t e o r o l o g i c a l  parameters, and mu1 t i  p l  e-wavelength aerosol  measurements f o r  i nforma- 
t i o n  on aerosol  composi t ion and mass load ing .  
and p o s s i b  4 y NO and SO2 w i t h  very l o w - h o r i z o n t a l  r e s o l u t i o n ;  (3 )  atmospher ic s t a t e  
An example i s  g iven i n  f i g u r e  28 o f  t h e  accuracy f o r  o b t a i n i n g  H20 p r o f i l e  
measurements u s i n g  absorp t ion  l i n e s  o f  d i f f e r e n t  s t r e n g t h s  i n  t h e  727 nm wavelength 
reg ion.  A v e r t i c a l  r e s o l u t i o n  o f  1.0 km and a h o r i z o n t a l  r e s o l u t i o n  of 100 km were 
used i n  these c a l c u l a t i o n s  w i t h  a l a s e r  energy o f  500 m.J a t  10 Hz and a 1.25-m diam- 
e t e r  t e l e s c o p e  r e c e i v e r  system. It can be seen t h a t  t h e  weaker l i n e s  o p t i m i z e  a t  a 
lower  a l t i t u d e ,  and t h a t  t o  p r o v i d e  a l t i t u d e  coverage from t h e  s u r f a c e  t o  t h e  upper 
t roposphere,  t h e  DIAL measurement r e q u i r e s  t h e  use of a t  l e a s t  two a b s o r p t i o n  l i n e s .  
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W i t h  t h e  r e s o l u t i o n  shown, t h e  H20 p r o f i l e s  measurement c o u l d  have a random e r r o r  o f  
4 0 %  below 5 km a l t i t u d e  and 4 5 %  f rom 3-10 km a l t i t u d e .  These measurement uncer-  
t a i n t i e s  can be f u r t h e r  reduced by u s i n g  a l a r g e r  v e r t i c a l  and/or h o r i z o n t a l  
r e s o l u t i o n .  
STATUS OF DIAL MEASUREMENTS SUITABLE FOR SPACE APPLICATIONS 
Table X V  summarizes t h e  s t a t u s  o f  DIAL measurements t h a t  p e r t a i n  t o  eventual  
remote sensing o f  t r o p o s p h e r i c  parameters f rom space. The gas species o r  atmospher ic 
parameter i s  l i s t e d  a long w i t h  t h e  nominal wavelength r e g i o n  f o r  t h e  l i d a r  measure- 
ment. I n  a l l  cases, t h e  t h e o r e t i c a l  f e a s i b i l i t y  f o r  an atmospher ic l i d a r  measurement 
has been shown. The atmospher ic measurements f rom a l a b o r a t o r y  environment have a l s o  
been demonstrated f rom most o f  t h e  parameters. 
enhanced gas concent ra t ions  i n  plumes, i n  an urban environment, o r  over  a roadway. 
The o t h e r s  were made i n  t h e  ambient r u r a l  o r  remote t roposphere.  Fewer f i e l d  mea- 
surements have been made w i t h  mobi le  o r  p o r t a b l e  ground-based l i d a r  systems. Most o f  
these systems have been used f o r  p o l l u t i o n  s t u d i e s  o f  SO2 o r  i n  t r a c k i n g  plumes u s i n g  
aeroso ls  as a t r a c e r .  
y e a r  t h e  f i r s t  demonstrat ion was conducted. As can be seen f rom t a b l e  XV, a l l  of t h e  
a c t i v i t y  i n  a i r b o r n e  DIAL measurements has been aimed a t  O3 and H20 over  t h e  l a s t  
6 years.  
go ing i n  t h e  near f u t u r e  (<2 y e a r s )  and beyond. 
o r  wavelength r e g i o n  t h a t  i s  expected t o  be used i n  t h e  measurement. I n  t h e  near 
f u t u r e  03 w i l l  be measured w i t h  an excimer-based DIAL system as w i l l  SO2 i n  power 
p l a n t  plumes. Atmospheric H 0 , pressure, and temperature w i l l  be measured u s i n g  
l a s e r s  and DIAL systems i n  he wavelength reg ions  shown. 
Some o f  measurements were made i n  
L i d a r  measurements f rom a i r c r a f t  a r e  i n d i c a t e d  a long w i t h  t h e  
Tab le  X V I  presents  an es t imate  o f  where a i r b o r n e  DIAL measurements a r e  
A lso  i n d i c a t e d  i s  t h e  t y p e  o f  l a s e r  
and NO depend upon t h e  development o f  a p p r o p r i a t e  
A l e x a n d r i t e  l a s e r s  i n  an a i r  2 orne DIAL system. Beyond t h e  n e x t  two years,  DIAL 
measurements o f  CH4, co, "$, NO29 
The general  c h a r a c t e r i s t i c s  needed f o r  spaceborne l a s e r s  and a l i s t  o f  p o t e n t i a l  
t u n a b l e  l a s e r s  f o r  spaceborne l i d a r  a p p l i c a t i o n s  a r e  g iven i n  t a b l e  X V I I .  
spaceborne 1 i dar  appl i c a t  i ons requ i  r e  tunabl e 1 aser  wave1 engths w i t h  h i g h  average 
power. The c h a r a c t e r i s t i c s  g iven i n  t a b l e  X V I I  a r e  f o r  a f r e e - f l y i n g  s a t e l l i t e  t h a t  
Most 
may 
t a b  
a r e  
v a t  
o n l y  be v i s i t e d  every 1 2 - t o  24 months. 
e a r e  examples o f  general  l a s e r  types t h a t  a r e  c u r r e n t l y  under development and 
p o t e n t i a l  candidates f o r  f u t u r e  spaceborne l i d a r  miss ions.  
The types  o f  t u n a b l e  i a s e r s  g iven i n  t h e  
SUMMARY 
T h i s  paper has d iscussed t h e  e v o l u t i o n  o f  1 i dar  systems f o r  t r o p o s p h e r i c  obser- 
ons. Measurements o f  aerosols ,  0 , and H20 made w i t h  t h e  NASA LaRC' a i r b o r n e  DIAL 
system were presented as examples o f  i! he types  o f  da ta  t h a t  c o u l d  be ob ta ined f rom a 
spaceborne l i d a r  system. An autonomous DIAL system under development by NASA f o r  t h e  
h i g h - a l t i t u d e  ER-2 a i r c r a f t  was described. F u t u r e  spaceborne l i d a r  systems, LITE and 
LASA, were discussed, as w e l l  as t h e  requirements f o r  f u t u r e  spaceborne l a s e r  sys- 
tems. It i s  c l e a r  t h a t  t h e  successfu l  development o f  spaceborne l i d a r  systems 
rlonondc rritirallv nn cnluinn t h n  lacnr tnrhnnlnnv rhallnnnoc nf imnrnvor l  lacnr 
Spaceborne l i d a r  can p o t e n t i a l l y  c o n t r i b u t e  t o  t r o p o s p h e r i c  chemist ry  i n v e s t i g a -  
Also, i t  t i o n s  by making p r o f i l e  measurements of  H20, 03, CO, CH4, and p o s s i b l y  "3. 
may be p o s s i b l e  t o  measure t h e  t ropospher ic  column conten t  of NO2 and p o s s i b l y  SO2 
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w i t h  low h o r i z o n t a l  r e s o l u t i o n .  Winds and atmospher ic s t a t e  v a r i a b l e s  c o u l d  a l s o  be 
p r o v i d e d  by l i d a r  measurements. 
w i t h  a mul t ip le-wavelength l i d a r  system. 
a p p r o p r i  a t e  1 aser and r e c e i  ver  techno1 ogy f o r  1 ong-term space appl  i c a t i o n s .  
mid-1990's a spaceborne DIAL system c o u l d  be p laced i n  o r b i t  t o  i n v e s t i g a t e  t ropo-  
s p h e r i c  p r o f i l e s  o f  aeroso ls  and H20, o r  p o s s i b l y  i n v e s t i g a t e  low v e r t i c a l  r e s o l u t i o n  
(>3 km) measurements of t r o p o s p h e r i c  0 . 
t i o n s .  By t h e  year 2000, l a s e r  and l i d a r  technology w i l l  have advanced t o  t h e  p o i n t  
where t h e  remote measurement o f  many o t h e r  species would be p o s s i b l e .  L i d a r  i s  an 
i m p o r t a n t  area of development because t h e r e  a r e  no o t h e r  remote sensing techniques 
t h a t  can o b t a i n  high v e r t i c a l  r e s o l u t i o n  ((2 km) measurements o f  atmospher ic 
parameters and gases i n  t h e  lower  atmosphere f rom space. 
Aerosol  and c l o u d  c h a r a c t e r i z a t i o n  can be ob ta ined 
By t h e  
A l l  of these measurements r e q u i r e  t h e  
The i n f o r m a t i o n  ob ta ined by these f i r s t  
systems would make an impor tan t  c o n t r i  8 u t i o n  t o  t r o p o s p h e r i c  chemis t ry  i n v e s t i g a -  
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TABLE X.- PRELIMINARY MEASUREMENT REQUIREMENTS I N  TROPOSPHERIC CHEMISTRY* 
R e s o l u t i o n  - V e r t i c a l :  Boundary Laye r  & F ree  Trop. Minimum 
H o r i z o n t a l :  2 0 0  km 
S t a t e  V a r i a b l e s  - Temp. ( t 5 K ) ,  Press. (? lo%),  Cloud Cover and He igh t ,  Freq.  and 
D i s t .  o f  L i g h t n i n g  
Aerosol Measurements - O p t i c a l  P r o p e r t i e s  Under F1 i g h t  Track.  Chemical Composi t ion,  
S i z e  D i s t r i b u t i o n  
*Adapted f r o m  NASA, 1981 
TABLE X I . -  AIRBORNE D I A L  SYSTEM CHARACTERISTICS 
Transmi t ter :  
Two Pump Lasers -- m a n t e l  Model 482 
Pulse Separation -- 100 ps  
Pulse Energy -- 350 ml a t  532 nm 
Repe t i t i on  Rate -- IO Hz 
Pulse Length -- 15 ns 
Two Dye Lasers -- Jobin Yvon Model HP-HR 
Fundamental Dye 
Output Energy 




Laser L inewidth 
Receiver: 
Area o f  Receiver 
Receiver E f f i c i e n c y  
PMT manturn E f f i c i e n c y  
Tota l  Recei ver 
E f f i c i e n c y  
t o  PMT 
Receiver F i e l d  o f  View 
UV (near 300 nm) 
near 600 nm 
near 300 nm 
near 300 nm 
and 80 ml/pulse 
near 600 nm 








2 m a d  
Near-IR (near 720 nm) 
























A1 t i m e t r y  
Retro-Rangi  ng 
C loud  Top H e i g h t  
PBL* H e i g h t  
S t r a t .  Aero. 
C loud  Prop. 
Trop. Aero. 
H2O Column 
Sur face  Pres. 
03 column 
H2O P r o f i l e  
Pres. P r o f i l e  
Temp. P r o f i l e  































Lon A l t .  











High  A l t .  
A i r b o r n e  
A 
LASA Sci. 















LASA Science O b j e c t i v e s :  1 Hydro logy ;  2 A l t i m e t r y ;  3 Geodynamics; 
4 Aeroso ls  and Clouds;  5 O the r  
A: LASE Measurements (1988) 
* P l a n e t a r y  Boundary Laye r  
TABLE XII1.- TROPOSPHERIC GAS ABUNDANCES 
Nominal Tropospheric 
Mean Mixing R a t i o  Column Burden** 
i n  Lower Trop.* ( ppm-m) 
5 P P t  
10 P P t  
50 P P t  





0.05 p p t  
2 30 
800 











**Alvarado e t  a1 ., 1982 
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Cross Sect ion 
( cm2 /Mol ec u 1 e 
6 x 
2 x 10-21 
4 x 1 0 - 2 0  
1 x 10-18 
1 x 10-18 
2 x 10-18 
2 x 10-20 
1 x 10-19 
9 10-19 
1 x 10-18 
3 x 10-20 
1 x 10-18 
3 10-19 ( 
1 x 10-18 
'Aa) 
Est .  o f  Maximum 
Two-way Op t i ca l  Depth 











1.3 10-4 1.6 10-5 
5.4 10-4 .0044 
1.6 10-5 0.0028 
2.7 10-5 0.011 

























































FOR SPACE A P P L I C A T I O N S  
F ie ld  A/C 
Mea. Mea. 
X (RR) 1980 (RR) 
x (CC) 1979 (CC) 
X (RR) 1982 (RR) _ _  
-- 
















TABLE XV1. -  AIRBORNE L IDAR TROPOSPHERIC MEASUREMENTS 
Demonstrated 
03 (Nd: YAG-DYE; CW-CO, ) 
H,O (Nd:YAG-DYE; CW & Pulsed CO,) 
SF6 Tracer (CW-CO,) 
Aerosol & Cloud D is t .  (Nd:YAG) 
Aerosol Discrim. (Nx Nd:YAG-DYE) 
P ( 2 1  Nd:YAG) 
Winds (CW & Pulsed-CO, Doppler) 
Near Future ( 2  2 Years) Future ( 1  2 'Years) 
0, (Excimer) 0, (Pulsed CO,) 
H,O (Alex.)  H,O (0.94/1.23 pm) 
SO, (Excimer) CH, (3.3 urn) 
P (Alex.)  CO (4 .6 "m) 
T (Alex. )  NH, (10.3 urn) 
TABLE X V I 1 . -  SPACEBORNE LASERS 
General Character is t ics  
High Power (1 - 20 W) 
Wavelength Tunable (10 - 40 cm-'1 
Narrow Linewidth (<0.02 cm-') 
Long L i fe t ime  (12 - 24 mol 
Ruggedized (Shut t le  Launch; Space Environ.)  
Reduced Complexity and Modular 
Capable o f  Meeting Eye Safety C r i t e r i a  
Tunable Laser Types 
A lexandr i te  (720 - 770 nm) 
Co:MgF,* 1.6 - 2.3 
Ti:Sapphire (700 - 850 nm) 
Emerald (751 - 759 nm) 
Nd: Glass* 
Excimer* 
CO, (Line Tunable and Isotope Broadened) 
*Raman S h i f t e d  
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I965 1970 1975 I980 I985 
I I 
REPRESENTS FIRST OF A CLASS OF LIDAR MEASUREMENTS 
1 1 1 1 1 1 1 1  
,SPACE LIDAR ' A C T I V I ~ E S  
I I l l  
v v v v v  v v  v v -  
LlDbR FEA SHUT DEF ER-2 
W.G. STDY EXP fR2 DIAL 
SIM DIAL DW. 
I I I 
SPACE LAB4 
LIDAR PROFS 
CC -COLUMN CONTENT 
R R  -RANGE RESOLVED 
I AIRBORNE L IDAR SYSTEMS I 
v v v  v v  
AERO H.$ MAJORGE 
W V  
07p!Iu 






LIDAR \ AERO L l W R  &EXTIN. DIAL FIELD WPS. 
(RR) ( R R )  
/ t-- I 
I I I I I GROUND-BASED L l W R  SYSTEMS I 
F i g u r e  20.- H is to ry  o f  l i d a r  development w i t h  each m i les tone  r e p r e s e n t i n g  the  f i r s t  
i n  a c l a s s  o f  l i d a r  measurements. 
measurements the  measurement parameter/species a re  g iven a long w i t h  t h e  l i d a r  
techn ique used. 
1 i dar system devel opment. 
I n  the  case o f  ground-based and a i r b o r n e  l i d a r  





F i g u r e  21  .- NASA Langley Research Center a i r b o r n e  DIAL system schematic 
(B rowe l l  e t  a1 . , 1983). 
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UV L I D A R  SIGNAL V I S I B L E  L I D A R  S IGNAL 
1113 
(SI6 - BKGND) R2 V I S I B L E  RETURN V I S I B L E  GRAY SCALE DISPLAY 
F i g u r e  22.- A i rborne  DIAL UV and v i s i b l e  l i d a r  
r e t u r n s  wi th DIAL system opera t i ng  i n  a 




---- IN SITU CESWA - 
0, DATA (1747-1759EOl1 
(LOCATION 8 )  - 
"0 20 40 60 80 00 120 
OZONE CONCENTRATION (ppbv) 
F i g u r e  23.- Comparison o f  a i r b o r n e  DIAL 
and i n  s i t u  measurements o f  O3 
p r o f i l e s  (Browel 1 e t  a1 . , 1985). 
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POTENTIAL TEMPERATURE, "K 
300 340 360 380 400 420 440 460 
6AUG 1981 
- DIAL 0 3  MEAS 
2348 EDT 
46'52' N 






Figure 24.- Airborne DIAL and i n  situ O3 
measurements i n  the lower stratosphere 
(Browel 1 , 1983 1. 
3.5 














I O -  
0 5 -  
I JVLY 82 
LaRC 
AIRBORNE OlAL DPTA 
225730 €01 
100 W T S  
210 m RANGE CELL 
2150 ED1 
RADIOSONDE OATA -
Figure 25.- Comparison o f  airborne DIAL 
and radiosonde measurements of H20 
prof i 1 es. 
15 
io,,,(nm I uo (a2 I 
934.27 13.2 X - 724.37 90.1 X10-24 
723.22 19.5 X 
72 I .I 2 8.57 X 
725.86 4.9OX1Oq4 
AX= 20km A,? =200m 
- 




5 10 15 20 
PERCENTAGE ERROR (RANDOM 1 
Figure 26.- Simulations of H 0 measurement 
uncertainties for  the ER- $ DIAL system. 
An a i r c ra f i  altitude of 16 km and a mid- 
l a t i tude  summer H20 profi le  was assumed. 






F: a 70 
z 
e 50 
0 uz 40 
0 
60 
30 * 20 
IO 
0 
1 .I I IO 
A B S O R B E R  THICKNESS 
OPTICAL DEPTH 
Figure 27.- Dependence o f  optical depth measurement error  on absorber optical 
depth and transmittance measurement accuracy. 
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1 5  





I I I 
A,, r727nrn. 500mJ at lOHz 
A s  
I 
80.1 01 o-- cm' 
+- + - * 40.001 o-- cm' 
0-0-0 iS.5010-~ cm' 
0-0-0 IO.O-IO-~ crn' 






'+ 2t \ +  I I 1 
1 0  20 30 40 50 
PERCENTAGE R A N D O M  ERROR 
Figure 28.- Spaceborne DIAL H20 profile measurement uncertainties. 
An orbital a l t i tude o f  800 km and a mid-latitude summer H20 
model prof i 1 e were assumed. 
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APPENDIX A: TROPOSPHERIC CHEMISTRY: AN OVERVIEW 
Joel S. Levine 
OXYGEN SPECIES 
SPEC I ES  CONCENTRATION^ I IFETIME~ COMMENTS ' 
OZONE (03) 10 - 100 PPBV WEEKS TO MONTHS C, TRANSPORT FROM 
STRATOSPHERE; GREENHOUSE 
S P E C I E S  
A T O N I C  OXYGEN (0) 10' CM-3 V.S. C, LEADS TO 0 3  PRODUCTION 
E X C I T E D  A T P I C  lo-' CM-3 V.S. C, LEADS TO OH PRODUCTION 
OXYGEN (O( 0 ) )  
' L E V I N E ,  J-S-  ( E D I T O R ) ,  1985: THE PHOTOCHEMISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS.  
AND COMETS, ACADEMIC PRESS, INC., PP. 6-7- 
'IBID, P. 44: V - S -  = VERY SHORT (SECONDS OR LESS) ;  V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; B = B I O G E N I C ;  C = CHERICAL OR PHOTOCHEMICAL 




Photochemical product ion and des t ruc t i on  o f  03. 
Key oxygen species are shown i n  s o l i d  boxes. 
FROM G L O B A L  T R O P O S P H E R I C  C H E M I S T R Y :  A P L A N  F O R  A C T I O N ,  G L O B A L  T R O P O S P H E R I C  
C H E M I S T R Y  P A N E L  ( R .  A .  DUCE,  C H A I R M A N ,  A N D  R. C I C E R O N E ,  V I C E  C H A I R M A N )  




WATER VAPOR (Hz0)  
NOLECULAR HYDROGEN ( H z )  
HYDROGEN PEROXIDE ( H 2 0 2 )  
HYDROPEROXYL RADICAL (HOz)  
HYDROXYL RADICAL (OH) 
ATONIC HYDROGEN (H)  
CONCENTRATION LIFE TINE^ 
<<  1% - 4% HYDROLOGICAL CYCLE: 
VAPOR FORN. -10 DAYS 
DROPLET FORM : -HOURS 
0.5 PPHV 
10' CH-' 
3.0 x i07s (8.3 x i o 3  H R )  
1.2 x i05s (33 H R )  
10' CH-3 NINUTES 
lo6 CH-' V.S. 
CONNENTS 
EVAPORATION/CONDENSATION; 
LEADS TO OH PRODUCTION; 
GREENHOUSE SPECIES 
C,B 
C; WATER SOLUBLE 
C 




'LEVINE,  J.S. (EDITOR), 1985: THEPHOTOGHENISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS. 
AND CONETS, ACADENIC PRESS, INC- ,  PP. 6-7- 
z l B I D ,  P. 44: V.S. = VERY SHORT (SECONDS OR LESS);  V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHEMICAL OR PHOTOCHEVICAL 
H Y D R O G E N  S P E C I E S  C H E M I S T R Y  
OH/H02 r a d i c a l  chain react ions.  
\ co2 NH2.H20 
Y Y I ~ M . ~ I  \ 
Mul~irrepl 
The c e n t r a l  r o l e  o f  OH i n  the ox ida t i on  o f  
t ropospher ic  t race  gases. 
I 
NO, H 2 0  
FROV GI OM1 TROPOSPHERIC CHEMISTRY: 
K. CICERONE, VICE CHAIRFAN) PUBLISHED BY THE NATIONAL ACADMY PRESS, WASHINGTON, DC, 1984. 
A PI AN FOR ACTION , GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R-  A -  DUCE, C H A I W N ,  AND 
NITROGEN SPECIES 
SPEClES 
NITROUS OXIDE (NzO) 
ANNONIA (NH3) 
N I T R I C  A C I D  ("03) 
NITROGEN D I O X I D E  (1102) 
N I T R I C  OXIDE (NO) 
NITROGEN TRIOXIDE ( N O 3 )  
PEROXYACETYLNITRATE 
DINITROGEN PENTOXIDE 
(CHoCO 3NO 2 )  
( N 2 0 5 )  
PERNITRIC A C I D  (H02N02)  
NITROUS A C I D  ("02) 
CONCENTRAT ION ' 
330 PPBV 
0.1 - 10 PPBV 
50 - 1000 PPTV 
10 - 300 PPTV 






1.3 x 10% (360 HR) 
1.5 x 10% (420 HR) 
1.3 x 10% (3.6 HR)  
1.1 x 10's (0.03 HR) 
-SECONDS 





B, A; GREENHOUSE SPECIES; 
GLOBAL INCREASE ( 4 ) . 2 Z / Y R )  
B A .  WATER SOLUBLE. NAJOR 
d S E 6 U S  BASE; GREENI~OUSE 
SPECIES; AEROSOL PRODUCTION 
C; WATER S0LUBLE;ACID RAIN; 
AEROSOL PRODUCTION 
C 




C; WATER SOLUBLE 
C; WATER SOLUBLE 
fLEVINE, J.S. (EDITOR ), 1985: THE PHOTOCHENISTRY OF ATNOSPHERES: EARTH, THE OTHER PLANETS, 
AND COMETS , ACADENIC PRESS, INC., PP. 6-7. 
21BI0, P. 44: V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHENICAL OR PHOTOCHENICAL 
, I  Photochemical transformations among odd-nitrogen species i_!'f:-i 
Major atmospheric reactions of N 0 species: Solid 
line boxes indicate major daytime nitrogen species; 
broken line boxes indicate significant nighttime 
nitrogen species. It is still uncertain whether 
PAN is a major species in the free troposphere. 
notation wo/ro denotes washout/rainout process. 
X Y  
The 
FR@I STRY : A PIAN FOR ACTION, GLOBAL 
CICERONE, VICE CttAIfWN) PUBLISHED BY THE NATIONAL ACADEMY 
PRESS, WASHINGTON, K, 1984. 
TRUPOSPHEHIC CHEMISTKY PANEL ( H e  A .  UUCE, CHAIWN, AND R *  
Major atmospheric reactions o f  HxOy, NxOy, and 03, 
where M denotes N2 and 02, HR refers to heterogeneous 




CARBON D I O X I D E  (COz) 
METHANE (CHc 1 




METHYL RADICAL (CH,) 
(CH, DOH 1 
(CH 302)  
CONCENTRAT I O N  ' LIFETINE 
0.034% V.L. 
1 - 7  PPMV 2.5 x 10's (6.9 x i o 3  H R )  
70 - 200 PPBV (N.H.) 
40 - 60 PPBV (S.H.) 
0 - 1  PPBV -HOURS 
10'' CH-3 -DAYS 
7.1 x 10's (200 H R )  
106 cn- V.S. 
10-1 cn-3  V.S. 
CONNENT S 
A, B, VOLCANIC; GREENHOUSE 
SPECIES; GLOBAL INCREASE 
( - . 2 % / Y R )  
6, A; GREENHOUSE SPECIES; 
A, B, C; GLOBAL INCREASE 
( -1 -2%/YR)  
GLOBAL INCREASE ( -1 - 1%/Y R) 
C; WATER SOLUBLE 




'LEVINE, J.S. (EDITOR), 1985: THE PHOTOCHENISTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS, 
AND CONETS, ACADEHIC PRESS, INC., PP. 6-7. 
' I B I D ,  P. 44:  V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; B = BIOGENIC;  C = CHEMICAL OR PHOTOCHEMICAL 
CARBON SPEC 
co 
I E S  
L 
A possible tropospheric degradation scheme for 
CH302 radicals, formed from CH4. The current lack 
of understanding of this chemistry defines one of 
the major uncertainties in the understanding of 
fast H 0 photochemistry. 
X Y  
C H E M I S T R Y  
on. 02. NO 
OH CH) 
I 1  
I 
0 -  
CH, -C - CH - CH, 
cn3c - cn - cn, 
1 -  
A 
NO. 0, 
' H,O $ 0- OH 
I I  
CH3C-CH - CH, 
I unimolwuIar \cH,onq~~ C 3C - CH 
I hv I OH. O p .  NO 
? I 
CH3 + c- CH3C*+ CHOor 
0,. NO I 
k m  + no, 
A possible reaction scheme for isoprene oxidation 
in the presence of NO,. 
FPLM TRO PQSPHERIC CHEMIST RY: A PLAN FOR A C T U  GLOBAL TROPOSPHERIC CHEMISTRY PANEL ( R e  A. DUCE, C M I W N ,  AND 
R. CICERONE, VICE C M I W N )  WBLISHED BY THE NATIONAL ACADEMY PRESS, MSHINGTON, K, 1984. 
SPECIES 
CARBONYL SULIFIDE (COS) 
DINETHYL SULIFIUE ((CH3)zS) 
HYDROGEN SULFIDE (HIS) 
SULFUR DIOXIDE ( S O , )  
DIMETHYL DISULFIUE ((CH3)2S2) 
CARBON SULFIDE (CS,) 
SULFURIC ACID (H2 S O ,  ) 
SULFUROUS ACID (HzS03) 
SULFOXYL RADICAL ( S O )  
THIOHYDROXYL RADICAL (HS)  
SULFUR TRIOXIDE ( S O , )  
CONCENTRATION' IJFETlNE2 CONNENTS 
>2.2 x 10's ( L l x 1 0 3  H R )  VOLCANIC,A 0.5 PPRV - 
0.4 PPBV -HOURS B 




8.0 x 10's (22 H R )  VOLCANIC, A, C; 
AEROSOL PRODUCTION 
-HOURS B 
-DA Y S VOLCANIC, A 










'LEVINE, J.S. (EDITOR), 1985: THE PHOTOCHENISTRY OF ATMOSPHERES: EARTH. THE OTHER PLANETS, 
AND CONETS, ACADENIC PRESS, INC-, PP. 6-7. 
' IBID, P. 44: V.S. = VERY SHORT (SECONDS OR LESS); V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; B = BIOGENIC; C = CHENICAL OR PHOTOCHENICAL 
S U L F U R  S P E C I E S  C H E M I S T R Y  
FROM 
CICERONE, VICE CHAIWN) PUBLISHED BY THE NATIONI\L ACADEMY 
PRESS. MSHINGTCN, DC, 1984. 
A PLAN FOR A C W  GLOBAL 
TROPOSPHERIC CHENISTRY PANEL (R- A. DUCE, CHAIMN, AND R. 
NO 
MrYl - I  
A t e n t a t i v e  scheme f o r  the o x i d a t i o n  and removal 
of  atmospheric s u l f u r  species. 
Gas-phase cons t i tuents  and major 
r e a c t i o n  pathways ( s o l i d  l i n e s ) .  
I n t e r a c t i o n s  between chemical f a m i l i e s  
are i n d i c a t e d  by dashed l i n e s .  Heavy 
(double) arrows show key heterogeneous 
pathways i n v o l v i n g  aerosols (A)  and 
p r e c i p i t a t i o n  (P).Turco e t  a l . ,  1982.* 
*Turco, R. P., 0. B. Toon, R. C. Whitten, 
R. G. Keesee and P. Hamil l ,  Importance o f  
Heterogeneous Processes t o  Tropospheric 
Chemistry, Geophysical Monograph Series. 
vo l .  26, 0. R. Schryer, e d i t o r ,  American 
Geophysical Union, Washington, D.C., pp. 231- 





SPEClES CONCENTRAT I O N  ' 
HYDROGEN CHLORIDE 
(HCf )  
1 PPBV 
METHYL CHLORIDE 0 - 5  PPBV 
(CH3Cf)  
HETHYL BROMIDE 10 PPTV 
HETHYL I O D I U E  1 PPTV 
(CH3 BR)  
(CHs I )  
LIFETIME * CONNENTS 
3 . 0  x 10% (83  H R )  SEA SALT, VOLCANIC; 
WATER SOLUBLE 
B, A 4.9 x 10% ( 1 . 3  x i o 3  H R )  
4 O N T H S  B. A 
-MONTHS B, A 
__ 
'LEVINE, J - S -  (ED1  TOR), i98S: THE PHOTOCHEMiSTRY OF ATMOSPHERES: EARTH, THE OTHER PLANETS, 
AND CONETS, ACADEMIC PRESS, INC., PP. 6-7. 
' I B I D ,  P. 44: V.S. = VERY SHORT (SECONDS OR LESS);  V.L. = VERY LONG (DECADES OR LONGER) 
'A = ANTHROPOGENIC; tl = BIOGENIC;  C = CHEf l ICAL OR PHOTOCHENICAL 
H A L O G E N  S P E C I E S  C H E M I S T R Y  
h v  hposition 8 km (26K'l-HIGH LATITUDES 
TROPOSPHERE 
I Chenirtrv r 
Schematic diagram t o  show processes and t o  exempl i fy key species i n  g loba l  t ropospher ic halogen 
cyc les .  X denotes F, C1, B r ,  o r  I .  
FRMl UI TRO POSPHERIC CHEMIST RY: A PIAN F m  GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R. A. DUCE, C H A l W N ,  AND R. CICERONE, VICE CHAIRMAN) PUBLISHED BY THE NATIONAL ACADmY PRESS, MSHINGTOEI, DC, 1984- 
82 
A E R O S O L  S P E C I E S  C H E M I S . T R Y  
-5 
-- 
Aerosols as an end product o f  atmospheric 
reactions. Major reaction pathways for gas- 
*Turco. R. P . ,  0. B. Toon, R. C .  Whitten, 
R .  G. Keesee and P .  Hamill, Importance o f  
Heterogeneous Processes to Tropospheric 
v o l .  26, D. R. Schryer, editor, American 
Geophysical Union, Washington, D.C., pp. 231- 
240. 1982. 
A. P Chemistry, Geophysical Monograph Series, p. A 
FROM !3OsAl TROPOSPHF RIC CHFMIST RY: 
R. CICERONE, VICE CHAIWZAN) PUBLISHED BY THE NATIONAL ACADEMY PRESS, WASHINGTON, DC, 1984- 
A P I A N  FO R ACTIO& GLOBAL TROPOSPHERIC CHEMISTRY PANEL (R. A *  DUCE, CHAIWN, AND 
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